Styrene-butadiene-styrene-(SBS-) modified asphalts were prepared by mixing different base asphalts, SBS modifier, extracting oil, and stabilizing agents. The contact angles between SBS-modified asphalt and distilled water, glycerol, and formamide were detected by the sessile drop method. Based on the surface energy theory, the surface free energy and cohesive power of SBS-modified asphalt were calculated. The influence of the raw materials composition, such as the virgin asphalt and SBS modifier types as well as the extracting oil and stabilizing agent contents, on the cohesive characteristics of SBS-modified asphalt was discussed. The results showed that virgin asphalt was compatible with SBS modifiers to improve cohesiveness. The cohesive power of branched SBSmodified asphalt was larger than that of linear SBS-modified asphalt. The cohesion of SBS-modified asphalt was improved as the SBS modifier and stabilizer contents increased but was reduced for excessive extraction oil contents. The cohesive characteristics of the SBS-modified asphalt were improved by the formation of stable three-dimensional network structures by cross-linking, winding, and grafting among different raw materials.
Introduction
Asphalt is a mixture of crude oil refining residue and various chemical components, widely used in the road pavement industry as an aggregate binder, because it offers good adhesion, viscoelasticity, and strength [1] . However, further applications are restricted by disadvantages including high-temperature rutting and low-temperature cracking [2] . Heavier vehicle loads, increased traffic volumes, and extreme weather conditions can cause pavement damage such as permanent deformation [3, 4] . In order to improve the quality of asphalt, various polymers can be incorporated by mechanical mixing or chemical reaction, thereby improving the mechanical properties, heat sensitivity, and aging resistance of the asphalt 2 Advances in Materials Science and Engineering and asphaltenes in solvents, the ratio of which is commonly referred to as the SARA fraction [1] . However, each component has a different solubility parameter and thus a different level of compatibility with the polystyrene (PS) and polybutadiene (PB) blocks in the SBS. Some efforts [12, 13] have investigated the compatibility between asphaltic components and SBS copolymers. As a rule of thumb, asphalt with higharomatic contents or linear SBS can form compatible and stable SBS-modified asphalt [14, 15] . Moreover, incompatibility between asphalt and polymer can be avoided by adding aromatic oils or stabilizing agents to the mixture [12, 16] . While some authors have studied the effects of the raw materials on the performance of SBS-modified asphalt roads to guide the production and application of SBS-modified asphalts, the cohesion characteristics of SBS-modified asphalt are still unclear. Moisture damage of asphalt pavement, related to the breakdown of the asphalt composite, can be caused by losses in asphalt-asphalt cohesion and/or aggregate-binder adhesion [17, 18] . Cohesion is the molecular attraction existing between two similar objects in close contact, such as the internal binding interactions in asphalt [19, 20] . The work of cohesion of the asphalt binder is strongly related to the fatigue cracking characteristics of asphalt mastics and mixtures [21] . The cohesive properties of the binder and mastic determine the fracture resistance of asphalt concrete [22] . The surface free energy of the asphalt binder can be used to characterize the work of cohesion [23, 24] . Cheng et al. found that aging processes can decrease the cohesion of asphalt via an investigation of the cohesion characteristics of asphalt binders based on surface free energy [25] . Tan and Guo tested the cohesion and adhesion of asphalt mastic using the surface free energy method, reporting that the work of cohesion of neat asphalt is greater than that of modified asphalt [26] . Most previous studies have focused on the surface free energy of neat and modified asphalt binders [27] [28] [29] . However, few have considered the influence of raw materials composition on the cohesion characteristics of SBS-modified asphalt.
The objective of this study was to investigate the influence of the raw materials composition on the cohesion characteristics of SBS-modified asphalt using the surface free energy. SBS-modified asphalts were prepared by mixing different base asphalts, SBS modifier, extracting oil, and stabilizing agent. The contact angles between SBS-modified asphalt and distilled water, glycerol, and formamide were detected by the sessile drop method. Based on surface energy theory, the surface free energy and cohesive power of the SBS-modified asphalts were calculated. The influence of the raw materials composition, such as virgin asphalt, SBS modifier types, and contents of extracting oil and stabilizing agent on the cohesive characteristics were discussed for SBS-modified asphalt. Table 4 .
Raw Materials and Preparation Method of SBS-Modified Asphalt

Preparation of SBS-Modified Asphalts.
In order to compare the influence of different raw materials and their contents on the adhesion properties of the SBS-modified asphalts, each SBS-modified asphalt sample was prepared using the same process. Figure 1 shows the preparation process of SBS-modified asphalts. First, furfural extraction oil was added to the flowing virgin asphalt and quickly heated to 175 ∘ C-180 ∘ C. Then, SBS modifier was added and the mixture was stirred for 5 min using a mechanical stirrer. The mixed asphalts were continuously sheared for 35 min at a speed of 5500 rpm using a shearing and dispersing emulsifier. The high-efficiency stabilizer was added in the last 10 min of the shearing process. The mixed asphalts were placed in an oven for 2 h at 170 ∘ C for growth.
Surface Free Energy Theory and Experiment
Surface Free Energy
Theory. Surface free energy is defined as the work by a material in a vacuum necessary to produce a new interface per unit area. According to analyses by Fowkes and Good, the surface energy of a material mainly comprises a polar component and nonpolar dispersive component [30, 31] . Generally, the polar component of the surface free energy is the acid force and alkali force, while the dispersive component is composed of the Keesom orientation force, Debye induction force, and London dispersion force [32] . The surface free energies of liquid and solid materials can be expressed as follows [32] :
where is the surface free energy of a liquid material; is the surface free energy of a solid material; is the dispersive component of surface free energy for liquid materials; is the polar component of surface free energy for liquid materials; is the dispersive component of surface free energy for solid materials; and is the polar component of surface free energy for solid materials.
Fowkes indicated that the dispersive force between liquid and solid could be expressed as the geometric mean of the dispersive components of the liquid and solid surface free energies. Simultaneously, Owens and Wendt developed a similar method for the polar component [33] . Therefore, the surface free energy of the liquid-solid interface can be expressed as follows:
4 Advances in Materials Science and Engineering Figure 2 shows the Young contact angle diagram between solid and liquid. The polar and dispersive components of the surface free energy can be calculated using the Young equation, which relates the surface free energy and liquidsolid contact angle and is expressed as follows [33] :
Fowkes proposed an equation to calculate the surface free energy though the dispersive component and contact angle. Oss calculated the surface free energy using the dispersion and polar components by developing (3) and (4) into (5) [33] :
The surface free energy of a solid can be calculated using (5), generally expressed as follows:
The dispersive component √ and polar component √ can be obtained through linear analysis by (6).
Cohesive Power of Asphalt.
The work of cohesion is defined as the energy necessary to produce two new surfaces in a homogeneous material and is equal to twice the surface free energy. The equation for the work of cohesion is as follows [26] :
where is the surface free energy of asphalt. 
Contact Angle Measurement.
In order to calculate the cohesion index of the asphalt, the surface free energy and its components must be obtained. According to the analysis of (5), the surface free energy and its components can be calculated using the contact angle between the solid asphalt and three liquids with known surface energy parameters [24, 31, 34] . In this study, the three liquids of distilled water, glycerin, and formamide were used as probe liquids in contact angle measurements. The surface free energy parameters of the three probe liquids are shown in Table 5 .
The sessile drop method was used to conduct the surface free energy measurements in this study. This is an optical contact angle technique used to measure the contact angles between asphalt and the probe liquids [24, 34] . A schematic of the contact angle formed between the probe liquid and asphalt surface can be seen in Figure 2 . The asphalt binder samples were prepared by heating at 163 ∘ C and then pouring into small plates, which had been previously placed on a heater to attain the constant temperature of 60 ∘ C. The plates with asphalt binder were heated by another heater to 163 ∘ C for approximately 5 min to create an even, thin film coating on the surface of the plate. Afterward, the samples were cooled to room temperature and kept in desiccators for 12 h at room temperature before testing. As shown in Figure 3 , the instrument used to measure the contact angle is a drop shape analyzer (Binder A200KB) made in USA which is composed of an illumination device, a charge-coupled device (CCD) camera, three microsyringes with needles built into the machine, and image analysis software (Figure 4) . The measurement was performed at room temperature. Each liquid drop was individually dropped at five different locations of the asphalt film and the contact angle was measured. The average contact angle from the five measurements per film was recorded. 
Advances in Materials
Science and Engineering 5
Results and Discussion
Contact Angle and Its Variation Coefficient.
The contact angles and variation coefficients for the SBS-modified asphalts prepared with different raw materials and the three probe liquids were measured by the sessile drop method. The variation coefficient is the ratio of the standard deviation to the average value of the contact angle between the SBSmodified asphalts and each of the three probe liquids, used to investigate whether the contact angle test has good repeatability. The results are shown in Table 6 . From statistical analysis, it is found that the coefficient of variation of the contact angle test results is in the range of 0.18%-0.64%. These results indicate that the contact angle test results of the SBSmodified asphalts prepared with different raw materials and three probe liquids have good reproducibility.
Surface Energy of Modified Asphalt.
The surface free energy parameters of the three test liquids and the contact angles between them and each of the SBS-modified asphalts were substituted into (5). The component values of the surface free energy of each SBS-modified asphalt were calculated by solving (6) . According to (2) , the surface free energies of the individual SBS-modified asphalts were obtained. The surface free energies of the different SBS-modified asphalts range from 15.10 mJ/m 2 to 23.38 mJ/m 2 , which is close to the range of surface free energy reported in the literature [35] . As shown in Table 7 , the dispersion component is the major part of the surface free energy of the asphalt, compared to the polar component. Wei et al. also reported a similar conclusion and attributed it to the main component of the asphalt being nonpolar hydrocarbons [28] . In addition, with the increase of the content of SBS modifier, the total surface energy and dispersion component of the SBS-modified asphalt are gradually increased, while the polarity components of the SBSmodified asphalts generally decline at the different degrees. The surface free energy of the SBS-modified asphalt first increases and then decreases with increasing extraction oil content. For the extraction oil content of 3.5%, the surface free energy of SBS-modified asphalt is maximized. The surface free energy of SBS-modified asphalt increases as the amount of stabilization agent increases.
The reliability and effectiveness of the surface free energy results were evaluated using a method developed by Kwok and Neumann [34] . They conclude that the values of cos and should show a linear relationship for a given solid with a variety of liquids. If the resulting curve is nonlinear, the results must be remeasured. Using the surface free energy result of asphalts with different SBS modifier contents as an example, the illustration of cos and for asphalt is given in Figure 5 . It is observed that each asphalt sample shows a good linear fit between cos and , with the coefficient of determination (
2 ) values varying from 0.9612 to 0.9995. According to this method, cos and of other groups of SBS-modified asphalts and test liquids are regressed; all show linear correlation coefficients >0.95. This indicates that the contact angles between the SBS-modified asphalts prepared with different raw materials and the three probe liquids by the sessile drop method are accurate and that the surface free energy results of the SBS-modified asphalts can be used. Figure 6 presents the results of the cohesive work of different neat asphalts and SBS-modified asphalts. In general, the cohesive work of binder B asphalt is the highest among the three neat asphalts, while the cohesive work of binder C asphalt is the lowest. For asphalts with linear modifiers, the cohesive work of the binder A + SBS-modified asphalt is the highest, while that of binder B + SBS-modified asphalt is equal to that of binder C + SBS-modified asphalt. The cohesion of binder A, binder B, and binder C asphalts is increased by 19.86%, 4.04%, and 30.34%, respectively, when the same amounts of linear SBS modifiers are added. For the three types of branched SBS-modified asphalt, the cohesive power ranks in the order of binder A + branched SBSmodified asphalt, binder B + branched SBS-modified asphalt, and binder C + SBS-modified asphalt. From the above results, it can be seen that the same SBS modifier has different modification effects on different neat asphalts, demonstrating the compatibility problems between SBS modifiers and neat asphalts from the perspective of cohesive properties.
The Influence of Neat Asphalt Type on Cohesive Work of SBS-Modified Asphalt.
Effect of SBS Type on Cohesive Work of SBS-Modified Asphalts.
In order to compare and analyze the influence of SBS type on the surface energy of SBS-modified asphalt, the cohesive work values of the nine asphalt samples obtained in the previous section are arranged according to different SBS modifiers with the same kinds of asphalt ( Figure 7) . The results are shown in Figure 6 . The cohesive work of the asphalts prepared with the linear SBS modifier is higher than that of the neat asphalt but lower than that of the asphalt modified by the branched SBS modifier. The results show that the SBS modifier type has a significant effect on the cohesive properties of asphalt. Specifically, the branched SBS-modified asphalt has the strongest resistance to selfcracking, the linear SBS-modified asphalt has intermediate resistance, and the neat asphalt has the least resistance to internal cracking during use. This is because the SBS modifiers comprise styrene and butadiene block copolymers, which form stable three-dimensional network structures by interlocking between styrene and butadiene blocks with the help of the highly aromatic extraction oil and stabilizer. The network structures enhance the cohesive properties of asphalt. Simultaneously, the SBS modifier absorbs the light components in the neat asphalt, which increases the asphalt polarity. Eventually, the cohesion of the asphalt increases with the addition of SBS modifier [36] . In addition, the branched SBS modifier has better modifying effects on asphalt because it has a higher molecular weight and a more compact structure, which promote the best resistance to cracking.
Effect of SBS Contents on Cohesive Work of SBS-Modified
Asphalts. Figure 8 shows the relationship between the SBS content and cohesive work of SBS-modified asphalt. The cohesive work of SBS-modified asphalt gradually increases with the increase of SBS modifier. Asphalt modified with 5% SBS shows the highest resistance to cracking within the range of SBS contents, which has good resistance to water damage. Increased contents of SBS modifiers in a certain range strengthen the cross-linking and winding between the modifier and pitch, which reinforces the three-dimensional network structure. Simultaneously, increasing the level of SBS modifier absorbs the aromatic light components of neat asphalt, which further extends the effect of SBS modification and enhances the internal intermolecular forces of the SBSmodified asphalts. Any amount of SBS improves the cohesive performance of the modified asphalt. In addition, the growth rate of the asphalt cohesive work is 6.48%, 9.85%, and 8.93% for SBS content increases of 3.5% to 4%, 4% to 4.5, and 4.5% to 5%, respectively. This is because the modifier fully absorbs the aromatic components and promotes dispersibility when the amount of SBS is small, but the network structure in this range is weak, which causes cohesiveness to increase at a low rate [37] . Figure 9 illustrates the changes in the cohesive work of SBS-modified asphalts with increasing contents of extraction oil. It can be seen that the cohesive work of SBS-modified asphalt increases and then decreases with increasing extraction oil contents. With 2.5% extraction oil, the cohesive work of the SBS-modified asphalt is increased by 10.87% relative to oil-free asphalt, while the cohesive work increases by 5.97% for the addition of 3.5% extraction oil compared to that with 2.5%. That is because the optimal amount of furfural extraction oil promotes the swelling and dispersing of the SBS modifier, thereby assisting microstructural formation with uniform particle size, obtaining better three-dimensional network structures by interparticle interactions, and increasing the cohesive work of SBS-modified asphalt [38] . It should be noted that the cohesive work of the SBS-modified asphalt decreases for oil contents exceeding 3.5%, dropping by 5.57% with 4.5% furfural oil. This is because of the excessive dilution of light components when the content of the highly aromatic extraction oil exceeds that required for SBS swelling and dispersing. Negative correlation relationships exist between the surface energy and aromatic content that decrease the cohesive power of SBS-modified asphalt. It can be concluded from the above results that the SBS-modified asphalt with the best cohesive work can be obtained by adding the proper amount of extraction oil as a compatibility agent. Figure 10 illustrates the changes in the cohesive work of SBS-modified asphalt with increasing stabilizer contents. The cohesive work of the SBS-modified asphalt clearly increases with increasing contents of stabilizer. The increments of cohesive work of the SBS-modified asphalts are 8.82%, 12.28%, and 7.9% with 0.1%, 0.2%, and 0.3% stabilizer, respectively. This is because the microstructure of the SBSmodified asphalt from the addition of stabilizer causes reactions between the SBS and neat asphalt. The distribution of SBS modifier in asphalt is changed from bead-like structures to a fine network structure, and interfacial adsorption layers form between the polymer phase and the neat asphalt phase in the modified asphalt [39] . Thus, the cohesive properties of the SBS-modified asphalt are effectively improved.
Effect of Extraction Oil Content on Cohesive Work of SBS-Modified Asphalt.
Effect of Stabilizer Content on Cohesive Work of SBSModified Asphalt.
Conclusions
(1) When evaluating surface free energy of the SBS-modified asphalt, the sessile drop method is an appropriate method because the contact angle measurements show good repeatability for the SBS-modified asphalts prepared with different raw materials and three probe liquids.
(2) The cohesive work of SBS-modified asphalt can be increased by selection the most suitable bitumen and SBS modifier to improve the compatibility. And the cohesive properties of asphalt are maximal with branched SBS, intermediate with linear SBS, and minimal in neat asphalt.
(3) The addition content of admixtures, including SBS modifier, stabilizer, and extraction oil can affect cohesive work of SBS-modified asphalt differently. The cohesive work of SBS-modified asphalt increases with the increase of SBS modifier and stabilizer contents, while it increases and then decreases with increases of extraction oil content.
(4) The writers envision that continued development of other intuitive detection method to cohesion characteristics of SBS-modified asphalt in the future will contribute toward implementation of the moisture susceptibility.
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